Increased productivity in DNA sequencing would not be valid without a straightforward detection and estimation of errors in finished sequences. The sequence of the surfactin operon from Baci//us subtilis was obtained by two different groups and by chance we were also working on the same chromosome region. Taking advantage of this situation we report in this paper, the number and nature of errors found in the overlapping part of the DNA sequences obtained by the three laboratories. The coincidence of some of the errors with compression in sequence ladders and with secondary DNA structures as well as the detection of frameshift errors using computer programs, are demonstrated. Finally we discuss the definition of a new sequencing strategy that might minimize both the error rate and the cost of sequencing.
INTRODUCTION
Recent developments in current DNA sequencing methodologies have produced systems with high productive capacity that have made it possible to start sequencing entire genomes of up to 100 Mb (Wilson etal., 1994) . The large amount of data obtained has to be accurate enough to produce final sequences with a minimum number of errors. Indeed, errors in D N A sequences may jeopardize some aspects of their analysis, for instance (a) in the design of specific oligonucleotides, (b) in studies of natural variations, and (c) in the detection of ORFs. The nature and distribution of errors in an individual sequence (i.e. a reading from one sequencing reaction) have been extensively studied (Chen & Hunkapiller, 1992; Khurshid & Beck, 1993; Koop e t al., 1993; Sulston etal., 1992) . The total error rate was shown to depend on the methodology used and on the length of reading. It is almost constant (< 1 O h ) for readings not exceeding 350 bases, but it then increases very steeply, reaching more than 25% for readings longer than 550 The EMBL accession number for the nucleotide sequence data reported in this paper is X72672.
bases (Koop e t al., 1993) . This high level of error at one extremity of the sequence may be troublesome when assembling sequences in a shotgun approach. Errors in finished sequences have not been studied so precisely, and only estimates of the error rate in D N A sequences have been made, in two databases. They vary from 0.03 to 0.3% in GenBank (Krawetz, 1989) to up to 3 % in the EMBL sequence database (Kristensen et al., 1992) . This is too high a level of error to d o any of the above-mentioned analyses. As a matter of fact, the accuracy of a sequence can be greatly improved when increasing the depth of coverage (Churchill & Waterman, 1992) , but if the sequencing conditions are not changed, only the number of random errors will be reduced.
Before becoming participants in the B. stlbtilis genome sequencing project, we were subcontracted to the A.
Danchin group (Institut Pasteur, Paris) and received a A clone containing a 13.7 kb D N A fragment for sequencing. It appeared to correspond to a part of the surfactin operon, sfrA, located at 29" on the B. sabtilis genetic map (Anagnostopoulos e t al., 1993) . This locus has also been determined by two other groups (Fuma e t al., 1993; Cosmina et al., 1993) . The three sequences, obtained independently by the three groups, overlap by more than 10 kb and offer the opportunity to analyse sequencing errors in finished sequences. In this report we present the IP: 54.70.40.11
On: Thu, 27 Dec 2018 16:50:27 C. F A B R E T a n d O T H E R S results of this study and discuss the relationship observed between the nature of errors and the sequencing strategy.
METHODS
DNA manipulations and sequencing. The starting material (recombinant II bacteriophage Fix containing a 13.7 kb fragment of DNA from B. strbtilis 168) was provided by P. Glaser and A. Danchin (Institut Pasteur, Paris). A shotgun approach was used first. The insert from the recombinant phage was sonicated and DNA fragments, ranging from 500 to 2000 bp, were sub-cloned in pUC18. Selected sub-clones were sequenced, and all steps, including plasmid denaturation (Zimmermann et al., 1990) , sequencing reactions (Sanger et a/., 1977) and in some cases loading of samples on polyacrylamide gels, were performed with a robot (De Araujo Novaes & Denizot, 1993) . We used T7 polymerase (Pharmacia) and [ C F~~S ]~A T P (Sequetide, NEN) as label. Polyacrylamide gels (0.4 mm thick) were poured by the flap technique (Radola, 1980) , using surface-treated glass plates (Barnett & Davidson, 1989; Garoff & Ansorge, 1981) , and run using a saline gradient (Lang & Burger, 1990 ) allowing a mean reading of 225 bases. After sequencing 300 templates, 16 contigs were obtained spanning more than 90 YO of the total sequence.
At this stage, we searched for clones containing the longest inserts and overlapping two different contigs. This allowed us to position contigs with respect to each other and estimate the distance between them. After designing primers (OLIGO program, Rychlik & Rhoads, 1990) for each extremity of the contigs, the gaps were filled by sequencing either the plasmids overlapping two contigs or the PCR products obtained using primers from two consecutive contigs. In the latter case, the same primers were also used for sequencing, following the protocol of Salles et al. (1992) . Several other primers were defined to complete the sequence on both strands and to resolve areas presenting discrepancies. Finally, 7-deaza-dGTP (Mizusawa et al., 1986) and/or formamide gels (Howard, 1992) were used to remove ambiguous compressions. Each base was read an average of 5-5 times. Data handling and sequence analysis. Gels were read manually using the PARROT program and a 5-key keyboard (T and t Research). We used the University of Wisconsin Genetics Computer Group (UWGCG) software package (Devereux e t al., 1984) for sequence assembling and analysis of the sequences was done mainly with the programs COMPARE, BESTFIT, PILEUP and STEMLOOP included in this package. Database searching was done using the BLAST program of the NCBI e-mail server (Altschul et al., 1990) . Sequencing error predictions were performed with a modified version of the RECSTA program (Fichant & Gautier, 1987) .
RESULTS

Strategies and sequences
We sequenced DNA from B. szlbtiliJ 168 (Trp, surfactin non-producer), using the approach described in Methods, and obtained 13763 bp which was shown to correspond to part of the surfactin operon. This sequence was submitted to the EMBL data base (accession number X72672). Two other groups published sequences corresponding to the same chromosomal region. In a joint project, conducted between the University of Tsukuba, Japan, and the Louisiana State University Medical Center, Shreveport, LA, USA, 20535 bp was obtained (Fuma e t al., 1993) . DNA from the same strain was used (168, trpCZ), at least in the area we are concerned with (see Fig. l) , to obtain the sequence (GenBank name BACSFRAB, accession number 013262). This was done mainly by shotgun sequencing, the remaining gaps being filled using specific primers. An automated sequencer with fluorescent label was used for sequencing both strands by the dideoxy method. The sequencing was done under normal conditions (i.e. without using nucleotide analogues and formamide gels) (K. Yamane, personal communication). Cosmina et al. (1993) , using DNA from the surfactin producer JH642srf+, obtained a 31 182 bp sequence (GenBank name BSSFAP, accession number X70356). They used the dideoxy method, mostly with a primerwalking strategy. Throughout the text, accession numbers will be used to refer to individual sequences. Fig. 1 shows the alignment of the three sequences and their relative positions. To facilitate further analysis of these sequences, we used the numbering that corresponds to the longest sequence at the 5' end, i.e. D13262. The region we selected for further investigation is the overlap between the three sequences, that is between nucleotides 10 283 and 20 535.
Analysis of sequence discrepancies
We detected 86 conflicting regions between the three sequences which are the result of substitutions or insertions/deletions (indels). A duplication in X70356 (bases 16 329-1 6 345, duplicated after position 16 346) was counted as a single event. The distribution of the discrepancies and their assignment to a given sequence are shown in Fig. 1 $ The presence of a stem-loop structure is indicated with + . When the corresponding stem-loop overlaps the discrepancy, a + sign is used. Normally, the distance between a discrepancy and a stem-loop does not exceed 2 bases. Identical letters (a, b and c) indicate that discrepancies correspond to the same stem-loop.
s Upper-case letters indicate the corrected bases. In the case of inversions and point errors, the first uppercase letter corresponds to the indicated position. For indels, bases in upper-case letters have been inserted after the indicated position and " means that the base at the indicated position has been deleted.
( 1 Single events of insertion or deletion, involved in the same frameshift and preserving the reading frame, are grouped as indels. S N o compression detected in this area, but a polymerase pause has been observed in many clones, suggesting that this region is difficult to sequence due to the presence of secondary structures.
** Unclassified stem-loop (1 8th position with the STEMLOOP program) presenting, when enlarged with 6 bases, a stable structure.
interpreted as base inversion (i.e. CG in one sequence and GC in the other). Indels induce frameshifts, but no ORF interruption is observed, because each deletion (insertion) is always followed either by an insertion (deletion) or by two deletions (insertions) in the sequence. Single indel events involved in the same frameshift and preserving the reading frame were grouped. Thus, we finally distinguished three types of discrepancies: (1) single base substitutions ; (2) base inversions ; and (3) indels (Table  1 ). The first two types corrupted only one or two bases (and one or two amino acids), but the indel type changed as many as 24 amino acids.
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On: Thu, 27 Dec 2018 16:50:27 We searched for discrepancies between the X72672 and D13262 sequences and used the X70356 sequence, determined from another strain, to resolve the conflicts. As indicated in Table 1 , we found six single base changes, five GC to CG inversions, one G T to TG inversion and nine indels within the 10253 bp corresponding to the overlap. After comparison with the X70356 sequence, 27 discrepancies (single event) were interpreted as sequencing errors in D13262 and two in X72672. Two other differences (1 7 71 6 and 17 71 9) cannot be resolved just by sequence alignment because a 2 bp deletion was observed in X70356 (Fig. 2) . Depending on the location of the deletion in the alignments, one or two errors could be assigned to X72672. In fact, we checked our data on both strands at these positions carefully (Fig. 2) , and did not find any evidence of errors in our sequence (X72672). In the end, all discrepancies were resolved and we obtained a sequence of 33. szrbtilis strain 168, which is most likely free of errors (Table 1 ).
In total we found 31 discrepancies. Among them, 16
correspond to areas difficult to sequence and, in most cases, to compressions detectable in our gels (compressions correspond to abnormal mobilities of DNA fragments in sequence ladders). In one instance we found polymerase pauses in almost all the templates we sequenced, suggesting that some local properties of the DNA affect the enzyme.
Secondary structures and frameshifts
It has been proposed that compressions might be caused by stretches of secondary structure in single-stranded DNA, such as stem-loops, that are stable even in the denaturating environment of a sequencing gel (Sambrook e t al., 1989) . We used the STEMLOOP program of the GCG package (Devereux e t al., 1984) to search for inverted repeats in the overlapping DNA fragments. We set the parameters to a minimum stem length of 5 bp and a loop size between 2 and 5 bp. Among the 15 more stable stem-loops found over the 10253 bp, only seven are shared by both sequences (X72672 and 013262). The other eight hairpins are specific to X72672 and are associated with 11 discrepancies that correspond to compression artifacts in our gels (Table 1) . They were all resolved and in 10 instances, X72672 appeared to be the correct sequence. This correlation between discrepancy, stable stem-loop and compression artifact, suggests that if a discrepancy is observed between two sequences at the level of a compression, the sequence giving the more stable stem-loop has the best chance to be the correct one.
As an illustration, the unresolved discrepancies (17 716, 17719), which were found to be associated with a stable stem-loop only in X72672, have been resolved as sequencing errors in D13262 (Fig. 2) .
Therefore, searching for secondary structures can be used to resolve discrepancies between two sequences. One can also look for frameshift errors. This approach is particularly useful when only one sequence is available.
The distribution of the non-overlapping trinucleotides differs for each frame in coding regions and this property could be used for detecting frameshift errors. We tested this assumption by using a new algorithm based on an approach similar to the one developed in the RECSTA program (Fichant & Gauthier, 1987) which was an algorithm devoted to the prediction of coding and noncoding sequences. We computed the trinucleotide frequencies of each frame and used the correspondence analysis method to obtain linear combinations of the trinucleotides that gave the best discrimination between the three frames. For prediction, a window was shifted along the sequence with a 30-base step to keep in frame with the ORF. A frameshift error is detected when the Table 1 ).
frame of the window does not correspond to the frame of the ORF. Using a 90-base window, which corresponds to the best ratio between error predictions and false predictions, two regions of D13262 that should be in frame 1 were assigned to frame 2 (1 6 703-1 6 765 and 18 939-1 9 004, Fig. 3 ). They were predicted as frameshift errors and they correspond to the larger discrepancies involving 61 and 64 bp (see grouped indels, Table 1 ).
We shall not describe in detail the analysis of the discrepancies observed in X70356. The sequence was obtained from a B. szlbtilis strain that produces surfactin (strain 168 does not), and at least some of the discrepancies might be due to polymorphism. However, two regions seem to correspond to sequencing errors : the duplicated area (bases 16 329-1 6 345, duplicated after position 16 346) and a region where almost all Gs (1 6/ 17) are replaced with Cs (from base 10989 to base 11 042). When running the modified RECSTA program with the same parameters as above, this area is predicted as a frameshift error, suggesting that the G to C exchanges correspond to sequencing errors. It should be pointed out that the program also predicts an error in X70356, outside the overlapping region, in position 3769-3829. It corresponds to a frameshift in this sequence. Therefore, all the frameshifts observed in X70356 and D13262, involving a large number of bases (about 60), were detected by the method with no false positive. These preliminary results suggest that statistical methods can be used to check new sequences for frameshift errors. This kind of error is not the most frequent (3.5% of the 86 discrepancies found between the three sequences) but certainly it is the most bothersome as it corrupts a large stretch of the amino acid sequence.
DISCUSSION
Two sequence fragments determined in the same B. szlbtilis strain (168, trpC2) overlap over more than 10 kb (this work and Fuma et al., 1993) . Twenty-nine discrepancies were observed between the two sequences. A third sequence obtained from another strain (Cosmina e t al., 1993) was used to resolve the conflicts and allowed the estimation of the total error rate in the finished sequences, corresponding to 0.02% for our sequence (X72672) and 0.27 O h for D13262 (Fuma et al., 1993) ; these numbers included random and systematic errors. The latter kind of error, corresponding to sequence-specific discrepancies associated with compressions on our gels, can be discarded. Thus, the estimates of the random error rate for X72672 and D13262 are 0.01 7' 0 and 0.13 YO, respectively.
According to the theoretical work of Churchill & Waterman (1992), the 0.13 % random error rate, obtained for D13262, is in the range of what is expected for a shotgun approach (assuming a error rate for gel reading and a redundancy rate of 6). O n the other hand, the 0.01 % random error rate, which we obtained with a coverage of 5.5, is one order of magnitude below this standard. Manual film readings have been shown to give the lowest error rate (5 x Khurshid & Beck, 1993) but it seems that ours were done with a much higher degree of accuracy, very likely reaching a reading error rate much lower than Indeed, we used a manual reader (see Methods) equipped with a speaker that echoes back bases when entering them, thus allowing us to easily detect misreadings. In addition, almost all the sequences were read independently by two investigators.
Only four discrepancies in X70356, corresponding either to true errors or to natural variations, are associated with compressions detected in our gels. This is a small value in comparison to the 15 discrepancies found in D13262 also shown to correspond to compressions in our gels. This difference is most likely due to the sequencing method used by the Japanese team (Fuma e t al., 1993). They certainly must have had difficulties detecting compressions, and using a ' mono-protocol ' approach, without any change in the sequencing reactions or electrophoresis, they were unable to resolve them. Thus, when assembling sequences in a shotgun approach, systematic false readings of the same area in different templates may result in misconstruction of the finished sequence, giving errors in this region. Tools to resolve the compressions are available, but the limiting factor is their detection. A manual reading of gels by an expert gives better results than automatic film or fluorescence readers, but at a much higher cost. Thus, compressions should be well characterized in such a way that defined rules could be included in algorithms to achieve automatic detection. O n the other hand, as systematic errors are assumed to be sequence-specific, one can expect to be able to detect such error-prone regions throughout the analysis of the local sequence properties. Characterization of their folding tendency is the first step along this route. To complete this approach, a database of sequencing data (with regard to compressions and their readings) would be very useful.
DNA sequencing is still a very expensive technique and one way to reduce its cost would be to decrease the redundancy rate. We have recently proposed a new strategy to achieve this goal with large fragments (> 100 kb, Denizot & Guenoche, unpublished data).
Computer simulations showed that all contigs can be ordered with a mean coverage between 2 and 3. The gaps between contigs are easily determined by a directed approach. Each base is sequenced on both strands and areas showing any sequence discrepancies are sequenced once again. In the case of a pure random error, with an error reading rate (r) of the likelihood of obtaining an error at the same position in the third sequence is given by r2 = lo-'. An on-line analysis of the assembled sequence with the modified RECSTA program will be helpful in detecting frameshift errors. Since less work is needed to cover rapidly the total D N A fragment and to obtain the sequence roughly at a low random error rate, more effort could be made to detect and resolve systematic errors to obtain a very accurate finished sequence.
